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ABSTRACT 
The d i f f e r e n c e s  of lower atmosphere wind v e l o c i t i e s  ob ta ined  by a 
mast-mounted anemometer and 10-gram p i l o t  b a l l o o n s  ( p i b a l s )  are d i s c u s s e d .  
Wind v e l o c i t y  measurements were made by a n  anemometer mounted a t  t h e  
15.24 me te r  l e v e l  on a mast; whereas ,  s imu l t aneous  wind measurements were 
c a l c u l a t e d  from t i m e  r e f e r e n c e d  p i b a l  photographs taken  as the  p i b a l s  
passed  t h e  anemometer. 
The a b s o l u t e  v a l u e  of  t he  mean d i f f e r e n c e  i n  wind speed i s  0.53 
m s e c - l  whereas t h e  RMS v a l u e  i s  0 . 6 2  m sec’’. The a b s o l u t e  v a l u e  of 
t h e  mean d i f f e r e n c e  i n  wind d i r e c t i o n  is 4.9  d e g r e e s ,  w h i l e  t h e  RMS v a l u e  
is 5 . 6  deg rees .  
The d a t a  were ob ta ined  from f o r t y  exper iments  d u r i n g  1966 and 1967 
a t  t h e  Marsha l l  Space F l i g h t  Cen te r ,  H u n t s v i l l e ,  Alabama. 
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WIND COMPARISON ANALYSIS OF PIBAL VERSUS ANEMOMETER 
SUMMARY 
The d i f f e r e n c e s  o f  lower atmosphere wind v e l o c i t i e s  ob ta ined  by a 
Wind v e l o c i t y  measurements were made by a n  anemometer mounted 
mast-mounted anemometer and 10-gram p i l o t  b a l l o o n s  ( p i b a l s )  a re  d i s -  
cussed .  
a t  t h e  15 .24  meter  level on a mast; whereas ,  s imu l t aneous  wind measure- 
ments were c a l c u l a t e d  from time r e fe renced  p i b a l  photographs t aken  as 
t h e  p i b a l s  passed t h e  anemometer. 
The a b s o l u t e  v a l u e  of  t h e  mean d i f f e r e n c e  i n  wind speed i s  0.53 
m sec", whereas the  RMS v a l u e  is  0.62 m sec'l.  
t h e  mean d i f f e r e n c e  i n  wind d i r e c t i o n  is 4.9 d e g r e e s ,  w h i l e  t h e  RMS 
v a l u e  i s  5 .6  deg rees .  
The a b s o l u t e  v a l u e  o f  
The d a t a  were ob ta ined  from f o r t y  exper iments  d u r i n g  1966 and 1967 
a t  t h e  Marsha l l  Space F l i g h t  Center ,  H u n t s v i l l e ,  Alabama. 
I. INTRODUCTION 
Low a l t i t u d e  wind in fo rma t ion  i s  o f  g r e a t  importance i n  t h e  d e s i g n  
of  t h e  S a t u r n  and o t h e r  space v e h i c l e s .  I n t e r e s t  i n  t h i s  s u b j e c t  is 
m a n i f e s t e d  by the  a r t i c l e s  i n  p r o f e s s i o n a l  j o u r n a l s  , t e c h n i c a l  r e p o r t s ,  
and o t h e r  p u b l i c a t i o n s ,  as w e l l  as by t h e  monetary s u p p o r t  and s c i e n t i f i c  
e f f o r t  expended by government and p r i v a t e  i n d u s t r y .  Seve ra l  compar- 
i s o n s  of anemometer and p i b a l  w i n d  measurements have been made d u r i n g  
r e c e n t  y e a r s ;  p a r t i c u l a r l y  noteworthy is  t h e  work of  Rider  and Armendariz 
[ 1 , 2 ] .  Some of  t h e  r easons  f o r  l a r g e  wind d i f f e r e n c e s  between anemometer 
and b a l l o o n  measured winds can be a t t r i b u t e d  t o  b a l l o o n  aerodynamics , 
tower shadow e f f e c t s ,  t e r r a i n  e f f e c t s ,  systems e r r o r  and da ta  r e d u c t i o n  
p r o c e s s e s .  It has  been d i f f i c u l t  t o  c a l c u l a t e  t he  magnitude of  t h e s e  
e r r o r s  because  of  t h e  unknown combinat ions of  t h e s e  f a c t o r s .  
This p a p e r  compares wind data ob ta ined  from t r a c k i n g  a 10-gram 
b a l l o o n  w i t h  wind data ob ta ined  from a three-cup  C l i m e t  anemometer 
(model 014) l o c a t e d  on top  of a 15.24-meter m e t e o r o l o g i c a l  tower ( f o r  
f u r t h e r  d e t a i l s ,  s e e  r e f e r e n c e  3 ) .  A f t e r  r e s e a r c h i n g  f l i g h t  t e s t  d a t a  
of 10-gram p i b a l s  of v a r i o u s  d i a m e t e r s ,  i t  w a s  determined that the  0.32-  
meter  d i ame te r  p i b a l  should  be used because  o f  i t s  f a v o r a b l e  aerodynamic 
p r o p e r t i e s .  
11. DISCUSSION 
A .  Bal loon  Dynamics 
One of t h e  major f a c t o r s  which may c o n t r i b u t e  t o  t h e  d i f f e r e n c e  i n  
wind measurements of t h e  t y p e  under c o n s i d e r a t i o n  i s  t h e  s i z e  of  t h e  
b a l l o o n .  Other i n v e s t i g a t o r s  have used t h e  5-100 (100-gram b a l l o o n )  
which h a s  a v e r t i c a l  r i s e  r a t e  of 5 .03 m sec-1 and a d i a m e t e r  of 1.015 m+:. 
The b a l l o o n  o p e r a t e s  approximate ly  in t h e  t r a n s i t i o n  r e g i o n  between t h e  
u n s t a b l e  s u p e r c r i t i c a l - t u r b u l e n t  r e g i o n  and s t a b l e  s u b c r i t i c a l - l a m i n a r  
flow where the Reynolds number, R ,  i s  on t h e  o r d e r  of 3 - 4 x 105 .  For 
a n  e v a l u a t i o n  of  t h e  d i f f e r e n c e s  of t h e  100-gram p i b a l  and tower wind 
p r o f i l e s ,  see  r e f e r e n c e s  1 and 2.  
The 10-gram p i b a l  b a l l o o n s  o p e r a t e  w i t h i n  t h e  laminar  (smooth) 
r e g i o n  of t h e  Reynolds number range on t h e  o r d e r  of lo4 - 1 0 5 ,  and t h e  
d r a g  c o e f f i c i e n t s  CD a r e  on t h e  o r d e r  of 0.60 - 0.85. 
S e v e r a l  p r e l i m i n a r y  f l i g h t s  were made t o  d e t e r m i n e  t h e  optimum s i z e  
of t h e  10-gram h e l i u m - i n f l a t e d  p i b a l .  The p i b a l  d i a m e t e r s  c o n s i d e r e d  
were 0 .24 ,  0.32, 0.40, and 0.48 m. The p i b a l s  were r e l e a s e d  s o  t h a t  
t h e  t r a j e c t o r y  of t h e  b a l l o o n s  would be a s  n e a r  a s  p o s s i b l e  t o  t h e  
C l i m e t  3-cup wind s e n s o r  on  t h e  t o p  of t h e  15.24-meter m e t e o r o l o g i c a l  
tower.  The t o t a l  t i m e  i t  took  t h e  p i b a l s  t o  r e a c h  t h e  15.24-meter 
wind s e n s o r  was recorded .  
F i g u r e  1 shows t h e  r e s u l t s  of t h e s e  10-gram p i b a l  t es t s .  It 
should  b e  noted t h a t  t h e  p i b a l  w i t h  a d iameter  of 0.24 meters never  
reached a h e i g h t  of 15.24 meters, a t  l e a s t ,  n o t  under t h e  c o n d i t i o n s  of 
t h i s  t e s t  day. Subsequent ly ,  t h e  aerodynamic c h a r a c t e r i s t i c s  were c a l -  
c u l a t e d  f o r  t h e  t h r e e  10-gram p i b a l s  ( i . e . ,  t h e  0.32,  0.40, and 0.48 
meter d iameter  p i b a l s )  i n  a d d i t i o n  t o  f i v e  o t h e r  b a l l o o n s  of l a r g e r  
d i a m e t e r s .  
and R a r e  l i s t e d  f o r  t h e  e i g h t  b a l l o o n s  w i t h  d i a m e t e r s  ranging  between 
0.32 and 2.44 m e t e r s .  F i e l d  tes ts  of t h e  b a l l o o n s  having a d i a m e t e r  
of 1 .22  meters  and g r e a t e r  were conducted a t  Cape Kennedy, F l o r i d a ,  
i n  1963 ( s e e  r e f e r e n c e  4 ) .  
Table  1 shows t h e  r e s u l t s  of c a l c u l a t i o n s  i n  which t h e  CD 
F i g u r e  2 and 3 show t h e  aerodynamic c h a r a c t e r i s t i c s  of t h e  e i g h t  
b a l l o o n s  a s  d i s c u s s e d  above. For purposes  of comparison,  t h e  a e r o -  
dynamic d r a g  c o e f f i c i e n t s  and t h e  Reynolds numbers w e r e  c a l c u l a t e d  us ing  
t h e  formula presented  i n  appendix A ( a l s o ,  see r e f e r e n c e s  4 and 5 ) .  In 
t h a t  t h e  d i f f e r e n c e s  of t h e  k inemat ic  v i s c o s i t y  f o r  Cape Kennedy ( s e a  
l e v e l )  and MSFC, H u n t s v i l l e ,  Alabama, ( e l e v a t i o n  - 200 meters )  i s  q u i t e  
s m a l l ,  i . e . ,  1.46 x 10-5 and 1.48 x 10-5 m2 sec-1, r e s p e c t i v e l y , a s  
;kThe 5-100 gram b a l l o o n  m a i n t a i n s  a r i s e  r a t e  of about  5 m sec-1 t o  
approximate ly  12 km [6 1. 
2 
c a l c u l a t e d  from t h e  U.  S .  S tandard  Atmosphere, 1962 d a t a ,  i t  i s  r easonab le  
t o  combine t h e  CD and R v a l u e s  a s  p resen ted .  
I 
Comparisons of  CD v s  R f o r  the  above sphe re  d i a m e t e r s ,  as siivwrl i n  
t a b l e  I ,  i n d i c a t e d  t h a t  the p i b a l  ba l loons  w i t h  t h e  s m a l l e r  d i a m e t e r s  
were i n  t h e  laminar  f low r e g i o n  on t h e  o r d e r  o f  R 3 x I O 5 .  The large- 
d i a m e t e r  b a l l o o n s  (1.22, 2 .00,  2.13, and 2.44 m) were i n  t h e  t r a n s i t i o n  
and s u p e r c r i t i c a l  ( t u r b u l e n t )  Reynolds number r e g i o n  on t h e  o r d e r  of  
3 x lo5 - l o 6 .  The 0.32 m d iameter  was chosen f o r  t h e  t o w e r l p i b a l  e x p e r i -  
ment because o f  i t s  f a v o r a b l e  aerodynamic p r o p e r t i e s ,  i . e .  , a Reynolds 
number of  0 .31  x 105 and a d rag  c o e f f i c i e n t  of 0 .82 .  
B .  Data Reduction 
Two 70 mm Hulcher  cameras were p o s i t i o n e d  on a c lose -c ropped ,  
g r a s s y  f i e l d  a d j o i n i n g  MSFC’S Atmospheric Research F a c i l i t y .  
cameras were l o c a t e d  30.48 m sou th  and e a s t  o f  t h e  me teo ro log ica l  tower.  
The p i b a l  winds were c a l c u l a t e d  by t h e  o u t l i n e  i n  appendix  B.  The 70 mm 
cameras recorded  t h e  p i b a l  p o s i t i o n  a t  10 frames sec-1, and t h e  d a t a  
were used t o  compute t h e  b a l l o o n ‘ s  p o s i t i o n .  A t  t h e  i n s t a n t  t h e  b a l l o o n  
reached  t h e  anemometer h e i g h t ,  t h e  o p e r a t o r  t r i g g e r e d  a l i g h t  on t h e  
m e t e o r o l o g i c a l  tower.  This l i g h t  o r  e v e n t  marker was used t o  synchron ize  
t h e  d a t a  ob ta ined  from t h e  tower anemometer and t h e  p i b a l  o b s e r v a t i o n s .  
The tower d a t a  were recorded  on a s t r i p  c h a r t  t h a t  o p e r a t e s  a t  a ra te  of 
8 i n  min-1. The t r a j e c t o r y  of t h e  b a l l o o n  was computed a t  112 - second 
ave rag ing  i n t e r v a l s  c e n t e r e d  around t h e  time ( e v e n t  marker) a t  which 
t h e  p i b a l  reached t h e  anemometer h e i g h t .  The e v e n t  marker on t h e  paper  
s t r i p  c h a r t  wind r e c o r d e r  was used t o  synchronize  t h e  wind speed and 
d i r e c t i o n  d a t a  w i t h  t h e  p i b a l .  
p e r  minute  a 112 - second t i m e  per iod  advances t h e  c h a r t  about  1/16 of 
a n  inch .  A t  t h i s  c h a r t  advance r a t e ,  and due t o  t h e  r e sponse  of  t h e  
anemometerlwind r e c o r d e r  system, near  i n s t a n t a n e o u s  wind speeds  and 
d i r e c t i o n s  were r ead  from t h e  s t r i p  c h a r t  wind r e c o r d s .  Subsequent ly ,  
t he  p i b a l  wind v e l o c i t y  d a t a  were compared. 
The 
A t  a c h a r t  advance r a t e  of  8 inches  
C .  R e s u l t s  
Wind d i r e c t i o n  and wind speed measurements a r e  shown i n  t a b l e  11. 
The wind d i r e c t i o n  and speed d a t a  of t h e  tower-mounted anemometer and 
t h e  p i b a l l b a l l o o n  wind d a t a  a r e  i l l u s t r a t e d  i n  t h e  s c a t t e r  diagrams 
shown i n  f i g u r e s  4 and 5. The d i r e c t i o n  and wind speed g e n e r a l l y  fo l low 
t h e  1:l correspondence  l i n e .  The a b s o l u t e  v a l u e  o f  t h e  mean d i f f e r e n c e  
between t h e  two s e n s o r s  i s  0.53 m sec-1, w h i l e  t h e  RMS d i f f e r e n c e  i s  
0 .62  m sec-1. 
3 
-4 
The range of  t h e  wind speed d i f f e r e n c e s  i s  -0.96 and +1.16 m sec-1. 
The a b s o l u t e  v a l u e  of  t h e  mean d i f f e r e n c e  i n  wind d i r e c t i o n  i s  4.9 d e g r e e s ,  
while t h e  RMS d i f f e r e n c e  i s  5.6 d e g r e e s .  The range  e x t e n d s  from -10 
d e g r e e s  t o  +9 d e g r e e s .  
111. CONCLUSION 
D i f f e r e n c e s  of lower atmosphere wind v e l o c i t i e s  a t  t h e  15.24-meter 
level  were obta ined  from a tower-mounted anemometer and a 10-gram p i b a l  
t r a c k e d  by two 70 mm cameras. The f i e l d  tes ts  and aerodynamic c a l c u -  
l a t i o n s  i l l u s t r a t e  t h a t  t h e  10-gram p i b a l  i s  t h e  most f a v o r a b l e  f o r  
low level wind measurements. The 10-gram p i b a l  h a s  a d i a m e t e r  of  0.32 rn 
(1.05 f t )  and rises a t  a ra te  of 1.62 m s e c l ( 5 . 3 2  f t  sec-1). T h i s  
b a l l o o n  o p e r a t e s  i n  t h e  laminar  f low r e g i o n  (0.31 x lo5 R ) ,  and i t s  
d r a g  c o e f f i c i e n t  i s  approximate ly  0.82. The a b s o l u t e  v a l u e  of t h e  
mean d i f f e r e n c e s  i n  wind speed i s  0 .53  m sec-1 (1.74 f t  sec-1) and 4.9 
d e g r e e s ,  r e s p e c t i v e l y .  The RMS v a l u e  between t h e  o b s e r v a t i o n s  of  t h e  
two wind s e n s o r s  i s  0.62 m sec-1 i n  wind speed (2.03 f t  sec-1)  and 
5 . 6  d e g r e e s  i n  wind d i r e c t i o n .  These comparisons were conducted f o r  
anemometer wind v e l o c i t i e s  averaged over  1/2-second t i m e  p e r i o d s  f o r  
wind speeds  ranges  of 1 t o  9 m sec-1. 
4 
Y 
Figure 1. Ascent time of 10-gram p i b a l  to  50 f t .  (15.24. m) 


































Figure 4. Tower/Pibal Wind Speed Comparison 
Y' 
Figure 5. Tower/Pibal W i n d  Direction Comparison 
9 
TABLE I 
Comparison of Reynolds Number (R) v e r s u s  Drag C o e f f i c i e n t s  (C,) 
f o r  Various Sphere Diameters (d) a t  
Approximate Sea Level P r e s s u r e s  
Diameter m (ft) 
0.320 (1.05) 
0.403 (1.32)  
0.485 (1.59) 
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PIBAL (10 gm) 
PIBAL (10 gm) 
PIBAL (10 gm) 
ROSE TYPE 
PIBAL (100 gm) 





Oct. 4, 1966 
Oct. 4, 1966 
Oct. 4, 1966 
Oct. 6, 1966 
Oct. 6, 1966 
Oct. 6 ,  1966 
Oct. 6, 1966 



















Tower/Pibal Wind Comparison at 15.24 my MSFC , Huntsville, Alabama 
lbs er - 


























Wind Direction (deg) 
185 190 -5 
228 226 2 
020 030 -10 
360 003 -3 
003 355 8 
340 331 9 
354 359 -5 
196 206 -10 
212 210 2 
210 212 -2 
193 190 3 
220 228 -8 
245 237 8 
124 130 -6 
135 130 5 
140 138 2 
143 138 5 
148 146 2 
120 128 -8 
130 132 -2 
120 124 -4 
190 195 -5 
180 190 -10 

















































































TABLE I1 (Continued)  
Date  
June 28, 1967 
June 28 ,  1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1961 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
June 28, 1967 
)bs er-  
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(m s e c - l )  
D i f f e r -  
ence 
5.36 4 .60  -0 .24  
3.88 3 .78  0.10 
3.69 4.39 -0.70 
3.17 3.78 -0.61 
3.36 2.43 0 .93  
5.03 5.17 -0.14 
5.03 4 .19  0.84 
4.36 3 .55  0 .81  
5.03 4.82 0 .21  
4.36 3.73 0 .63  
5 .90  5 .54  0 .36  
4 .70  5 .20  -0.50 
4.68 3 .52  1 .16  
6.71 5 .73  0 .98  
5 .03  4 .21  0 .82  
l o r i z o n t a l  
l i s  t a n c e  
l is  p l a c e -  
nen t (m) 
4 . 5  
5 .0  
1 . 7  
5 . 0  
3 .1  
2 .4  
2.8 
2.3 
3 . 9  
4 .6  
6 . 4  
3 .7  
5 . 8  
5 . 3  
5 .8  




Aerodynamic Drag C o e f f i c i e n t  
The aerodynamic drag  c o e f f i c i e n t  was c a l c u l a t e d  as fo l lows :  The 
buoyant f o r c e  (FB) of t he  b a l l o o n  is de f ined  by t h e  equa t ion :  
- % I  
where t h e  fo l lowing  n o t a t i o n s  a r e  de f ined :  
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  
v o l  = volume of sphe re  
pa = ambient  a i r  d e n s i t y  
= d e n s i t y  of hel ium gas 
pg 
MB = mass of ba l loon .  
The d rag  c o e f f i c i e n t  (CD) was determined from t h e  e q u a t i o n ,  
- "B 
'D 1 - p A r e f  v2 2 a  
where A r e f  is  t h e  c r o s s - s e c t i o n a l  a r e a  and V is the  v e r t i c a l  r i s e  r a t e  
of t h e  b a l l o o n .  The drag  c o e f f i c i e n t  f o r  sphe res  o r  c y l i n d e r s  a r e  
g r e a t l y  a f f e c t e d  by R .  R is t h e  r a t i o  of t h e  i n e r t i a l  f o r c e  t o  v i s c o u s  
f o r c e s  and is g iven  by 
Vd R = -  
V 
( 3 )  
where V is  t h e  v e r t i c a l  r i s e  r a t e  of t he  b a l l o o n ,  d is  t h e  b a l l o o n  d i a m -  




Mathematical  D e r i v a t i o n s  
The t o t a l  h o r i z o n t a l  v e l o c i t y  Vt  w a s  computed from t h e  X and Y 
c o o r d i n a t e s  of h o r i z o n t a l  p r o j e c t i o n  of t h e  t r a j e c t o r y  as determined 
from the  az imuth  and e l e v a t i o n  angles  and the  d i s t a n c e  D between the  
two cameras. 
The h o r i z o n t a l  c o o r d i n a t e s  X and Y a r e  computed from the  equa- 
t i o n s  l i s t e d  below. 
Hor izonta l  D i s t ance  Diagram 
Symbols 
C l  p o s i t i o n  of t h e  s o u t h  camera 
c2 p o s i t i o n  of  t h e  e a s t  camera 
al and c1 azimuth and e l e v a t i o n  a n g l e s  from C, camera 
15 
. 
I a, and azimuth and e l e v a t i o n  a n g l e s  from C 2  camera 
p r o j e c t i o n  of b a l l o o n  p o s i t i o n  on h o r i z o n t a l  p lane  
through C, and C, cameras ( a t  t ime,  t )  
b a l l o o n  p o s i t i o n  on a h o r i z o n t a l  p l ane  through C1 and 
C2 cameras ( a t  t ime,  t + z) .  
BO 
B t  
From the law of s i n e s  
where 
s i n  180" - *  [ (45"  + a,) + (45" - a2)] 
is  t h e  d i f f e r e n c e  of two a n g l e s ,  s i n ( x  - y)  = s i n  x cos y - cos x s i n  y 
and is  equal  t o  cos  (a, - a,). 
The law of s i n e s  i s  s i m p l i f i e d  t o  
- A - D - - B 
s i n ( 4 5 "  + a,) s i n ( 4 5 "  - a,) cos (a ,  - a,) 
a n d  
D s i n ( 4 5 "  - a,) A =  cos (a ,  - a,) 
and 
D s i n ( 4 5 "  + a,) 
B =  cos (a1  - a,) - 
16 
The X and Y components of the  h o r i z o n t a l  t r a v e l  d i s t a n c e  are  
X = A s i n  a, p o s i t i v e  e a s t  
and 
Y = A cos a, - 30.488 p o s i t i v e  n o r t h .  
The h e i g h t  equa t ion  (Z) is c a l c u l a t e d  from t h e  e q u a t i o n  
Z = A t a n  c1 + C 
where C is  t h e  camera e l e v a t i o n  c o r r e c t i o n .  
The t o t a l  h o r i z o n t a l  v e l o c i t y  equa t ion  (V,) is  
- (m s e c - l )  m2 Vt - 
where 
AX = d i f f e r e n c e  between X v a l u e s  a t  h a l f  second i n t e r v a l s  
AY = d i f f e r e n c e  between Y v a l u e s  a t  h a l f  second i n t e r v a l s ,  
wh i ch becomes 
( 8 j  
(9 1 
The component wind speeds in and Pn a r e  computeL us ing  the  fo l low-  
ing equa t ions  : 
1 7  
The computed wind speeds  a r e  a s s o c i a t e d  w i t h  t h e  top  of t h e  l a y e r  
des igna ted  by n .  The d i r e c t i o n  from which t h e  wind i s  blowing,  $n, is  
c a l c u l a t e d  as fo l lows:  
= tan-1 i n  + quadran t  c o r r e c t i o n .  
'll 
The quadrant  c o r r e c t i o n  is determined from t h e  s i g n  of xn and Yn 
as fo l lows:  
360 - $, 
180 + i(, + 1 
Y, + J 
180 - $* 
i.n xn + - I 
x -  
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